Autophagy recently has been shown to be involved in normal hepatic function and in pathological conditions such as nonalcoholic fatty liver disease. Adrenergic signalling also is an important regulator of hepatic metabolism and function. However, currently little is known about the potential role of adrenergic signaling on hepatic autophagy, and whether the b-adrenergic receptor itself may be a key regulator of autophagy. To address these issues, we investigated the actions of the b 2 -adrenergic receptor agonist, clenbuterol on hepatic autophagy. Surprisingly, we found that clenbuterol stimulated autophagy and autophagic flux in hepatoma cells, primary hepatocytes and in vivo. Similar effects also were observed with epinephrine treatment. Interestingly, propranolol caused a late block in autophagy in the absence and presence of clenbuterol, both in cell culture and in vivo. Thus, our results demonstrate that the b 2 -adrenergic receptor is a key regulator of hepatic autophagy, and that the b-blocker propranolol can independently induce a late block in autophagy.
Introduction
Macroautophagy (hereafter referred to as autophagy), is a bulk degradative process in which cytoplasmic elements are engulfed in membrane-bound organelles, autophagosomes, that are subsequently digested in autolysosomes generated by the fusion of autophagosomes and lysosomes [1] . Derangements in autophagy have been linked to many human disorders, including cancer, neurodegenerative disorders, and metabolic diseases [2] . Autophagy, in the whole liver, was shown to degrade proteins to generate amino acids used for energy during fasting [3] and to be essential for basal and thyroid hormone-stimulated fatty acid b-oxidation [4, 5] . Loss of autophagy also has been linked to hepatic injury and tumour development via Nuclear Factor (erythroid-derived-2)-like-2 (Nrf2) pathway activation [6] . In contrast, autophagy was linked to increased hepatic stellate cell activation and hepatic fibrosis [7] [8] [9] . Thus, autophagy may have beneficial or deleterious effects on the liver depending on the hepatic cell type involved, and the disease context.
b-adrenergic receptor agonists are used clinically to treat airway disorders such as asthma [10] . Additionally, b-adrenergic receptor antagonists, known as ''b-blockers'' often are used to treat hypertension and ischemic heart disease [11] . Elucidation of the b-adrenergic receptor signalling mechanisms has deepened our understanding of many fundamental physiological and cellular processes. However, despite extensive clinical experience with drugs that act via the b-adrenergic receptor and the characterization of the molecular properties of the receptor and its downstream signalling pathway, little is known about the effects of the badrenergic receptor on hepatic autophagy. Initial reports suggested that adrenergic stimulation and cAMP mediated signalling pathway activation inhibited autophagy [12] [13] [14] ; however, later studies showed that adrenergic stimulation induced autophagy [15] [16] [17] [18] . In particular, adrenergic agonists caused glycogenspecific autophagy in newborn rat liver [15] and b 2 -adrenergic agonists stimulated autophagy in cardiac fibroblasts that contributes to increased degradation of abnormal collagen deposits [16] . Additionally, mice that lacked epinephrine displayed decreased hepatic autophagy [18] . Given these conflicting findings in different tissues and model systems, and the central role of epinephrine in hepatic metabolism, we investigated the effect of badrenergic agonists and antagonists on hepatocyte autophagy. Using multiple techniques, we found that the long-acting b 2 -adrenergic agonist, clenbuterol (Clen) [19] , increased autophagic flux in human hepatoma cells, mouse primary hepatocytes, and mouse livers. In contrast, the commonly used b-blocker, propranolol (Prop), inhibited autophagic flux by causing a late block in autophagy. These findings demonstrate a key role for the b 2 -adrenergic receptor in regulating hepatocyte autophagy.
Results
The b 2 -agonist, clenbuterol, increases autophagosome number in cultured hepatic cells HepG2 cells were chosen to determine the effects of adrenergic stimulation on hepatic autophagy, since they maintain many normal hepatic metabolic functions [20] , and clenbuterol was used as a b-agonist since it is clinically approved and has a long half-life. We measured clenbuterol's effect on autophagosome formation by detecting the intracellular level of phosphatidylethanolamineconjugated microtubule light chain protein 3 (LC3-II), a lipidated autophagosome membrane component that increases with autophagosome formation, and is a commonly used as a marker of autophagosome number [21] . Clenbuterol significantly increased LC3-II levels after 24 hours treatment at concentrations as low as 300 nM (Fig. 1, A,B) , and this concentration was subsequently used for all further cell culture experiments. Clenbuterol also increased cytosolic LC3 puncta formation when HepG2 cells were transfected with a plasmid expressing LC3 conjugated to green fluorescent protein (GFP) [22] . These findings further suggest increased autophagosome formation. To ensure that these observations were not due to cell line-specific effects, we treated mouse primary hepatocytes with this same dose of clenbuterol for 16 hours, and observed an increase in LC3 immunostaining ( Fig. 1 E) and LC3-II protein levels, although the amount was less than we found in HepG2 cells (Fig. 1 F-G) . To check that these effects were not due to a non-specific effect of clenbuterol, we treated HepG2 cells with 30 nM epinephrine for 1 hour. Epinephrine also stimulated an increase in LC3-II protein levels and endogenous LC3-II cytosolic puncta (Fig. 2) , suggesting that clenbuterol's effects on autophagy were mediated via the badrenergic receptor.
Clenbuterol increases autophagic flux in cultured hepatic cells
Since an increase in LC3-II may be due to either an induction of autophagy or a block at a downstream step [23] , cells were cotreated with the lysosomal inhibitor chloroquine. We observed an increase in the LC3-II levels of co-treated cells that was higher than cells treated with chloroquine alone (Fig. 3 A,B) , consistent with an increase in autophagic flux by clenbuterol [21] . To further confirm an increase in autophagic flux, we transfected cells with a plasmid expressing LC3 fused to GFP and RFP, which emits both green and red fluorescence in autophagosomes, but only red in autolysosomes due to denaturation of the GFP from the acidity within the autolysosome [24] . We saw an increase in both yellow (merged green and red) and red fluorescent puncta following treatment with clenbuterol, indicating an increase in both autophagosomes and autolysosomes (Fig. 3, C,D) although only the increase in autolysosomes was statistically significant. Furthermore, clenbuterol increased lysosomal acidity since there was more intense orange fluorescence in clenbuterol-treated HepG2 cells than untreated control HepG2 cells when they were both incubated with the lysotropic dye, acridine orange (Fig. 3, E ) [25] . Finally, we assessed autophagic flux by measuring the protein level of SQSTM1/P62, a protein which is primarily degraded by autophagy [26] . Clenbuterol treatment induced autophagic flux as it decreased levels of SQSTM1/p62, in both HepG2 cells (Fig. 3 , F, G) and primary mouse hepatocytes (Fig. 3, H, I ).
Clenbuterol induces autophagy in mouse livers
To study the effects of b-adrenergic stimulation on hepatic autophagy in vivo, we injected clenbuterol i.p. into C57BL/6 mice for 3 days. Another group of mice was also injected with the lysosomal inhibitor, chloroquine (CQ) for the same length of time, to block autophagy. Clenbuterol-treated mice had increased hepatic LC3-II levels compared to vehicle-treated control mice (Fig. 4, A,B) . To rule out non-specific toxic effects, we measured the serum ALT activities in these mice, and found that they were within the normal range (Table S1 in File S1). Chloroquine treatment increased LC3-II levels more in the clenbuterol treated mice than in vehicle treated mice, strongly suggesting that the increased LC3-II in the clenbuterol treated mice was due to an increase in autophagic flux, and not from a downstream block in autophagy (Fig. 4, A,B) [21] . SQSTM1/p62, was decreased in the clenbuterol treated mice (Fig. 4, C,D) , further corroborating our findings. Last, demonstration of increased autophagosomes (Fig. 4 F, upper-right and lower-left images), and autolysosomes (Fig. 4 F, lower-right image) in the livers of clenbuterol treated mice (Fig. 4 , E, F) by transmission electron microscopy provided further evidence for induction of autophagic flux by clenbuterol.
Propranolol treatment inhibits hepatic autophagy even in the absence of agonist
To further understand the effects of b-adrenergic actions on hepatic autophagy, we treated HepG2 cells with clenbuterol and the b-blocker, propranolol. As expected, clenbuterol increased LC3-II levels. However, to our surprise, propranolol alone increased LC3-II levels, and treatment with both propranolol and clenbuterol further increased its levels (Fig. 5, A, B) . When HepG2 cells were treated with increasing doses of propranolol, we observed increases in both LC3-II and SQSTM1/p62 levels by Western blotting (Fig. 5 , C, D) suggesting that autophagy was blocked at a late stage (such as lysosomal fusion, acidification, or protease action) [21] . To further confirm that propranolol caused a late block in autophagy, we transfected HepG2 cells with the GFP-RFP-LC3 plasmid [24] , and observed an increase in autophagosomes (yellow puncta), that was coupled with a decrease in autolysosomes (red puncta) in propranolol treated cells compared to vehicle-treated control cells (Fig. 5 , E, F). Furthermore, co-treatment of propranolol treated HepG2 cells with the lysosomal inhibitor chloroquine showed no increase in LC3-II levels compared to control HepG2 cells treated with chloroquine, indicating that autophagosome formation was not increased by propranolol (Fig. 5 , G, H). To further confirm these results, we treated primary mouse hepatocytes with 10 mM propranolol and observed similar increases in LC3-II and SQSTM1/p62 levels ( Fig. 6, A, B) . Finally, we injected male C57BL/6 mice i.p. with propranolol (60 mg/kg/day) for three days, and observed an increase in both LC3-II and SQSTM1/p62 levels, indicating a late block in autophagy had occurred in the livers of mice treated with propranolol ( Fig. 6, C, D) . Of note, a small, but statistically significant increase in serum ALT activity was seen in the propranolol treated mice (Table S1 in File S1). We also observed cell death and cleavage of caspase-3 (CC-3) at the highest doses given to HepG2 cells (Fig. 7) , most likely due to the severe block in autophagy that occurred at these doses.
Discussion
Classically, the adrenergic system is activated in times of stress, and plays an important role in providing energy for the ''fight or flight'' response. In metabolic stress or starvation, adrenergic stimulation mobilizes and degrades lipids [27] , glycogen [28] , and proteins [29] to be used for ketone body formation and gluconeogenesis [3] . These metabolic pathways are also subject to regulation by autophagy [3, 4, 30] . Thus, it is likely that adrenergic regulation of these metabolic of pathways in the normal and activated states may be mediated, at least in part, by autophagy. In this connection, recent studies have shown an increase in hepatic steatosis in mice lacking epinephrine [18] , as well as in mice that are defective in autophagy [31] . Additionally, adrenergic-stimulated peripheral lipolysis may require autophagy [32] .
In this manuscript, we used multiple techniques to investigate the effects of clenbuterol on autophagosome formation and autophagic flux in human hepatoma cells and mouse primary hepatocytes. In particular, we showed that clenbuterol increased intracellular LC3-II protein levels, LC3 puncta formation, autophagosome/lysosome fusion, acidification of lysosomes, degradation of SQSTM1/P62, and demonstrated autophagic features in electron micrographs ( Fig. 1-3) . Taken together, these data provide strong evidence that b 2 -adrenergic signaling increases autophagic flux in hepatoma cells, primary hepatocytes in culture, and in vivo.
Our cell culture and in vivo results are consistent with recent findings by Aranguiz-Urroz and colleagues who showed that b 2 -adrenergic stimulation induced autophagy in cardiac fibroblasts [16] . Another recent study also linked an increase in intracellular cAMP to induction of autophagy in fibroblasts [17] . In contrast, previous studies showed cAMP blocked autophagy in yeast and isolated hepatocytes. Additionally, adrenergic signalling appeared to decrease proteolysis only in specific types of skeletal muscle [33] . Therefore, while the reason(s) for these apparent discrepancies is not known, it is possible thet may be due to differences in cell type, culture/diet conditions, or employment of methods before more reliable modern techniques for studying autophagy were developed [12, 13] .
The mechanism for clenbuterol induction of autophagy does not seem to involve mTOR signalling since phosphorylated mTOR levels were not reduced after clenbuterol treatment, and instead were increased in mice treated with clenbuterol ( Fig. S1 in File S1). In contrast, phosphorylated AMPK levels were higher in mice treated with clenbuterol ( Fig. S2 in File S1 ). The AMPK pathway, which is pro-autophagic, through its activating phosphorylation of ULK1 [34] , can be induced by changes in energy state, intracellular calcium levels, or EPAC1 activation by cAMP [34, 35] . Supporting the latter possibility, PKA inhibitor H89 failed to inhibit autophagy in HepG2 cells (Farah and Yen, unpublished results) suggesting that increased intracellular cAMP by b 2 -adrenergic stimulation may signal through a non-PKA mediated pathway. Interestingly, H89 itself increased autophagic flux by a non-PKA-mediated pathway in mouse neuroblastoma and embryonic fibroblast cells [36] . Further studies are needed to elucidate the details of the molecular mechanism for b-adrenergic induction of autophagy.
Our results with the b-blocker, propranolol, were quite striking, particularly since it inhibited autophagic flux even in the absence of agonist. McKee et al. recently showed that propranolol induced hepatic inflammation, steatosis, and apoptosis in mouse livers: however, the mechanism for these changes was not investigated [37] . Interestingly, similar hepatic changes occurred in geneticallyengineered mice that were defective in autophagy [31] . Thus, it is possible that the manifestations of NAFLD caused by toxic effects of the high doses of propranolol observed by McKee et al. [37] were due to inhibition of autophagy. Further studies that examine autophagic flux in the setting of NAFLD and propranolol treatment will help establish whether there indeed is such a causal link.
Propranolol previously was shown to act as an inverse agonist in the heart [11] , and thus would be expected to reduce autophagosome formation rather than block it at a later stage of autophagy. Our findings showed that propranolol blocked hepatic autophagy in the absence of agonist, so it had its own intrinsic activity in addition to acting as a b-adrenergic antagonist against clenbuterolinduced hepatic autophagy. Since we observed a further increase in LC3II levels after propranolol co-treatment with clenbuterol (Figs. 5, 6 ), it is possible that propranolol accumulates in the lysosome and directly decreases lysosomal activity in a manner similar to chloroquine. Supporting this hypothesis, previous work has shown that lipophilic amines, such as propranolol, can enter the lysosome easily, and raise the pH of that compartment [38] [39] [40] . However, our data do not preclude the possibilities of propranolol having direct effects on the b-adrenergic receptor, or the existence of a second, as of yet uncharacterised propranololinteracting protein, that mediates its anti-autophagic effects via an alternative pathway.
Recent research has shown the importance of autophagy in NAFLD [41] [42] [43] , chronic hepatic fibrotic disorders [44] , ethanol mediated hepatosteatosis and toxicity [45] , and in the prevention of hepatocellular carcinoma [6, 31, 46] . Additionally, mice that overexpress ATG5 and thus have higher levels of macroautophagy, exhibit resistance to the age-related increase in lipids and a decreased GSH/GSSG ratio in their livers [47] . Furthermore, restoration of the age-related loss of chaperone-mediated autophagy improves liver function in aged mice [48] . In contrast, previous studies have linked hepatic autophagy with increased stellate cell activation and liver fibrosis in mice treated with CCl 4 [7] [8] [9] . Thus, in disorders that are driven primarily by stellate cell activation, b-blockers may help reduce fibrosis, whereas in other cases in which hepatocyte autophagy is crucial, such as a1 antitrypsin deficiency and hepatosteatosis, b-blockers may cause harmful effects through their inhibition of autophagy.
It is interesting that although b-blockers have been used widely for decades, the impact of b-blockers on NAFLD in the clinical setting has not been reported in the literature. Recently, Serste et al. showed that b-blockers were associated with increased mortality in patients with hepatic failure [49] . Additionally, in a large cohort twin study, b-2 adrenergic receptor genotype correlated with plasma levels of gamma-glutamyl transferase and triglycerides, suggesting that it may modulate susceptibility to NAFLD and metabolic syndrome [50] .
In summary, we have used multiple methods to show that the b 2 -adrenergic agonist, clenbuterol, induced autophagic flux in 
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Ethics Statement
Study was carried out in strict accordance to the standards described in NIH published Guide for the
Care and Use of Laboratory Animals
Studies were approved by the IACUC at Duke-NUS Graduate Medical School. All reasonable steps to prevent animal suffering were undertaken.
Reagents
Clenbuterol (C5423), acridine orange (A9231), chloroquine (C6628), glutaraldehyde (G7651), paraformaldehyde (158127), propranolol (P0884), fetal bovine serum (12003C) and dapi (32670) were purchased from Sigma-Aldrich. Cell culture media (11965) was purchased from Invitrogen. Antibodies recognizing LC3 (2775), GAPDH (2118), Cleaved Caspase 3 (9664), and SQSTM1/P62 (5114) were purchased from Cell Signalling Technologies, whereas antibodies recognizing b-actin (sc-8432) as well as HRP conjugated secondary antibodies recognizing mouse (sc-2954) and rabbit (sc-2955) IgG were purchased from SantaCruz Biotechnologies. GFP-RFP-LC3 and GFP-LC3 (Addgene plasmid 21073) plasmids were a gift from T. Yoshimori (Osaka Uni., Osaka, Japan) [22, 24] .
Cell Culture
HepG2 (HB-8065) cells were purchased from ATCC and maintained at 37uC in DMEM containing 10% FBS in a 5% CO 2 atmosphere. For GFP-RFP-LC3 and GFP-LC3 experiments, cells were transfected 24 hours prior to the experiment using Lipofectamine 2000 (Invitrogen).
Primary hepatocyte isolation
Primary mouse hepatocytes were isolated and cultured using a modification of the protocol published by Klaunig et. al [51] . Hepatocytes were isolated from the liver of C57BL/6 mice which were fasted overnight, followed by two-stage collagenase perfusion with HEPES buffer. Cell viability was assessed by trypan blue dye exclusion one hour after isolation. Only preparations with cell viability greater than 95% were used for subsequent experiments. Hepatocytes were treated within 8 hours of isolation, and assayed with 24 hours of isolation. Hepatocytes were maintained in high glucose DMEM also containing 10% FBS and 16 Penicillin/ Streptomycin at 37uC in a 5% CO 2 atmosphere. At the time of assay (24 hours following plating), RNA was extracted from untreated hepatocytes grown on a separate plate, and hepatocyte markers were assessed by quantitative-real time PCR (Table S2 in File S1).
Animal models
Male C57BL/6 mice (8 weeks old) were obtained from NUSCARE and InVivos. Mice had access to food and water ad libum. Clenbuterol (1 mg/kg body weight), propranolol (60 mg/kg body weight) and chloroquine (40 mg/kg body weight) were injected in dH 2 O daily i.p., while control mice were injected with dH 2 O vehicle. Animals were sacrificed by CO 2 inhalation and tissues snap frozen in liquid nitrogen, except those used for electron microscopy, which were preserved in sodium phosphate buffer containing 3% glutyaraldehyde and 2% paraformaldehyde.
Western blotting
Cultured cells were lysed in mammalian lysis buffer (SigmaAldrich) while tissue samples were homogenized by MagNA Lyser (Roche) in the same buffer. Concentration of protein was determined by the BCA Kit (Bio-Rad). Protein was stored at 2 80uC. Immediately prior to western blotting, Laemmli sample buffer was added (250 mmol/l Tris, pH 7.4, 2% w/v SDS, 25% v/v glycerol, 10% v/v 2-mercaptoethanol, and 0.01% w/v bromophenol blue), and samples were heated to 105uC for b-Adrenergic Regulation of Hepatic Autophagy 5 minutes, chilled at 4uC for 10 minutes, and immediately ran on an SDS-polyacrylamide gel. Proteins were transferred to a polyvinylidine difluoride membrane (Bio-Rad) in transfer buffer containing 25 mmol/l Tris, pH 8.8, 192 mmol/l glycine, and 10% v/v methanol. All washing, blocking and antibody solutions were prepared in PBST. Membranes were blocked in 5% milk, followed by overnight incubation with primary antibodies in 1% bovine serum albumin. Membranes were washed three times, followed by secondary antibody incubation for 1 hr in 1% bovine serum albumin. Blots were again washed 3 times, and then probed using an enhanced chemiluminescence system (GE Healthcare) on a GelDoc imager (Bio-Rad). Densitometry was performed following acquisition using ImageJ software (NIH).
Acridine orange staining
Cells were grown in 6-well culture dishes for 24 hours before clenbuterol was added for 24 hours. Cells were then incubated for 15 minutes in PBS containing 1 mg/ml acridine orange, and immediately visualized.
Immunofluoresence
Prior to treatment, cells were seeded on glass coverslips. Following treatment, cells were washed in PBS, fixed for 15 minutes in 4% formaldehyde, and washed again. Cells were then permeabilized in 100% methanol at 220uC for 10 minutes, washed, and blocked in PBST containing 1% normal goat serum for 1 hour. Cells were then incubated with primary antibody overnight at 4uC, washed thrice with PBS, and then incubated for 2 hours at room temperature with Alexa Fluor secondary antibodies (Invitrogen). Cells were washed once, and then treated with dapi at 1:3000 dilution in PBS for 15 minutes. Coverslips were mounted using Vectashield mounting media (Invitrogen), and visualized using an LSM710 Carl Zeiss confocal microscope.
Electron Microscopy
Fresh tissue was placed in fixative containing 2% paraformaldehyde and 3% gluteraldehyde in pH 7.4 phosphate buffer overnight at 4uC. Tissue was washed once in PBS, followed by post-fixation with 1% osmium tetroxide. Samples were dehydrated in washes with ascending concentrations of alcohol, followed by embedding in Araldite. Ultra-thin sections were cut and stained with uranyl acetate and lead citrate. Imaging was performed on an Olympus EM208S transmission electron microscope. Autophagic vesicles were defined as autophagosomes (double-membraned structures surrounding cytoplasmic material) and autolysosomes (lysosomes containing cytoplasmic material). Vesicles were counted in 10 random fields per mouse, in 3 mice per condition.
ALT Activity Assay
ALT Activity was measured in mouse serum collected by cardiac puncture at time of death using Cayman Chemical's ALT activity kit (700260). All manufacturer's instructions were followed.
mRNA isolation and quantitative real-time PCR
RNA was isolated from cells by the Invitek Mini Kit (Invitek) or from tissues by TriZOL (Sigma-Aldrich). 1 mg RNA was reversetranscribed according to the manufacturer's instructions using the iScript Select cDNA Synthesis Kit (Bio-Rad). Quantitative RealTime PCR was performed using the QuantiTect SYBR Green Kit (QIAGEN). Cycolophilin A expression was used for normalization, while fold change was calculated using 2 2DDCt . Primer sequences are available upon request.
Statistics
Cell culture experiments were performed in triplicates and repeated 3 independent times using matched controls. Results were expressed as mean 6 SEM. For figures 1G, 2B, 3G, 3I, 4D, 4E, 5F, 6B, and 6D, as well as all supplemental figures and tables, statistical significance was calculated using Student's t-test, taking p,0.05 as significant. For figures 1B, 3B, 4B, 5B, 5D, 5H, and 7B, one-way ANOVA was performed, followed by Tukey's post-hoc test between all groups, with p,0.05 taken as significant. File S1 Table S1 , Serum ALT activity in mice treated for 3 days with 1 mg/kg clenbuterol or 60 mg/kg propranolol. Table   S2 , Expression of hepatocyte marker genes in isolated hepatocytes, normal mouse liver, and normal mouse heart. (DOCX)
Supporting Information
